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Simple Summary: Suboptimal fertility in males accounts for about two-thirds of infertility cases,
thus being of serious concern for the dairy industry, where optimal fertility is fundamental for farm
profitability. Although genetic defects responsible for subfertility have been identified, the role of sem-
inal compounds on fertility remain unclear. Feeding rumen-protected isomers of conjugated linoleic
acid (CLA) to dairy cows reportedly enhances circulating insulin-like growth factor I (IGF-I) levels. In
breeding bulls, the IGF-I concentration in seminal plasma has been positively correlated with fertility
rates. Therefore, the objective of the study was to evaluate the effect of dietary CLA supplementation
and of their inclusion to the semen extender on bovine semen quality and freezability.
Abstract: Isomers of conjugated linoleic acid (CLA) enhances circulating insulin-like growth factor I
(IGF-I) levels. Furthermore, fertility rate of breeding bulls is positively correlated to seminal plasma
IGF-I concentration. Our objective was to evaluate the effect of dietary CLA supplementation and
inclusion to the semen extender on bovine semen quality and freezability. Fourteen bulls, randomly
assigned to control (CTL) and CLA (50 g/day) groups, were supplemented for 10 weeks. Samples
were collected at Weeks −2 (before supplementation), 0, 4, 6 (during supplementation), 10, and 11
(after supplementation). Blood and seminal plasma were analyzed for IGF-I; the ejaculates were
frozen in the following subgroups: CTL (no addition to semen extender), CLA c9, t11 (50 µM), CLA
c9, t11 (100 µM), CLA t10, c12 (50 µM), CLA t10, c12 (100 µM), and CLA mix (50 µM each of CLA c9,
t11 and CLA t10, c12). Sperm motility, morphology, viability, mitochondrial membrane potential, and
reactive oxidative species were assessed. CLA supplementation decreased ejaculates’ total volume,
increased sperm concentration, beat cross frequency, and decreased oxidative stress; it also increased
plasma and seminal plasma IGF-I levels compared to the CTL. The inclusion of CLA c9, t11 100 µM
and CLA mixture in the extender increased live spermatozoa percentage post-thawing compared
to other groups. Our results show a beneficial effect of CLA supplementation on semen quality;
however, further studies evaluating fertilization rates are necessary to corroborate the results.
Keywords: CLA; semen evaluation; IGF-I; flow cytometry
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1. Introduction
In the cattle industry, suboptimal fertility in males accounts for about two-thirds of
infertility cases, thus being of serious concern for the livestock industry [1–3]. Although
genetic defects responsible for subfertility have been identified [1], the role of seminal
compounds on fertility remain unclear [4–6]. Recent research has proved that metabolic
hormones may improve semen fertility [7,8]. In particular, insulin-like growth factor-I (IGF-
I) seems to play a significant role in differentiation, proliferation and steroidogenesis, and
its derangement may be involved in male infertility [7,9,10]. In fact, IGF-I and insulin-like
growth factor II (IGF-II), which are produced in the liver, have been identified in the testi-
cles [11]; they are secreted by Leydig and Sertoli cells [11,12], and receptors for IGF-I have
been reported in the spermatogonia, spermatocytes, spermatids, and spermatozoa [13,14].
Furthermore, studies indicate the possible role of IGF-I on sperm viability and motility
in mouse [15], cattle [14], and buffalo [16,17]. In particular, the IGF-I concentration in
the seminal plasma of healthy breeding bulls and stallions was positively correlated with
fertility rates [10]. Selvaraju et al. [17] suggested that IGF-I might maintain motility through
its antioxidant effect. In vitro studies also proved that the addition of IGF-I stimulates
spermatozoa motility in bovine samples [14]. This is achieved by the activity of tyrosine
kinase of the insulin-like growth factor I receptor (IGF-IR) and its ligand IGF-I present in
the seminal plasma. It was speculated that the IGFR-IR and its ligand system are suspected
to be involved in the signal transudation leading to sperm capacitation and acrosome
exocytosis [18]. Blood concentration of IGF-I has been related to the energy balance of the
animals [19] and to their reproductive performance [20,21]. Selvaraju et al. [22] showed
that, by manipulating the diet of Nellore rams, IGF-I levels in seminal plasma increased
with a positive effect on sperm quality.
In vivo studies have indicated that feeding isomers of CLA supplemented diets in-
creases plasma levels of insulin-like growth factor (IGF-I) and IGF binding protein 3
(IGFBP3) in dairy cows [23,24]. However, very few studies investigated the effects of
conjugated linoleic acids (CLA), especially the isomers cis-9, trans-11 and trans-10, cis-12
on male reproductive performance. Mehrdad et al. [25] evaluated the effects of dietary
supplementation of CLA on reproductive performance in male mice. The study showed
that CLA had significant effect on secondary sexual activity; the authors also speculated
that CLA may have influenced spermatogenesis.
To our knowledge, there is only one study on the effects of dietary supplementation of
CLA on fresh and post-thaw sperm quality on Holstein bulls [26], reporting little positive
effect on both fresh and post-thaw semen quality such as fresh progressive motility and
sperm velocity. On the other hand, few studies, with controversial results, have been
published on the effects of CLA as possible semen protectants during the freezing process.
In a recent study [27], the cis-9, trans-11 and trans-10, cis-12 isomers of CLA were added at
50, 100, and 150 µM into the cryopreservation media, with no clear advantages observed on
the post-thaw bovine sperm integrity and functionality. In another study, CLA of trans-10,
cis-12 isomer was added at 50 µM into cryopreservation media causing no advantages on
the post-thaw boar sperm viability and integrity [28].
Our hypothesis was that, by supplementing the isomers cis-9, trans-11 and trans-10,
cis-12 of the conjugated linoleic acid to the bulls, plasma and seminal plasma IGF-I levels
might increase, thus improving sperm quality. Furthermore, by adding the CLA isomers to
the semen extender, their antioxidant action would have minimized cryodamage therefore
providing better quality sperm post-thawing. Therefore, the objectives of our study were:
(1) to evaluate the effect of dietary CLA supplementation in bulls, on blood plasma and
seminal plasma IGF-I levels and on post-thaw sperm quality; (2) to evaluate the effect of
the inclusion of the isomers of the CLA at different concentration on post-thaw sperm
quality; and (3) to evaluate a possible interaction between treatments and which approach
is the more performing.
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2. Materials and Methods
2.1. Experimental Location and Ethical Clearance
Experimental procedures were approved by the University of Pretoria Research An-
imal Committee (Project # V087-15). Samples collection was conducted during sum-
mer (November 2015 to March 2016) at an authorized commercial semen station located
in the Free State, South Africa (29◦05.70′ S, 026◦20.42′ E). The semen station regularly
hosts 20 dairy bulls and 4 beef bulls. All the animals were tested disease-free prior to
be introduced.
2.2. Animals and Treatments
Fourteen adult dairy Bos taurus bulls (Jersey), complying with the minimum stan-
dards of frozen semen production of the enterprise (minimum semen production of
20 × 106 sperm mL−1, >60% motility fresh semen, >50% live/motile sperm post-thawing,
<30% morphological abnormalities, and >20% live sperm after 2 h stress test at 34 ◦C) were
blocked by age (72 ± 18 months), BW (600 ± 200 kg), and BCS (3–3.5 in a 5-point scale),
and randomly allocated to the two dietary treatments (refer to Supplementary Materials
for more details about sample size): control (n = 7; CTL) and CLA (n = 7).
The animals were kept in individual sawdust bedded pens (3 × 3 m) with ad libitum
water and fed twice daily at 900 and 1600 with a semi-complete pellet (Reprotech Mature
bull, AFGRI-Animal feeds®, Centurion, South Africa) at 5% of body weight, and with
alfalfa hay at 2% BW.
To maintain isolipidic and isoenergetic diets in both groups, during the morning
feeding, each bull, according to the group allocation, received either a top-dressed sup-
plementation of 50 g of rumen-protected conjugated linoleic acids (CLA group; Lutrell
pure® BASF, Ludwigshafen, Germany, providing 5 g of trans-10, cis-12 and cis-9, trans-11
CLA isomers) or a placebo composed by an equivalent amount of rumen inert fatty acids
as control (CTL group; 40 g/day of Energy Booster 100; Milk Specialties Global, Eden
Prairie, MN; containing 98.7% Free Fatty acid; 2.5 % C12:00; 28% C16:0; 45% C18:0; 8.3%
C18:1; 1.5% C18:2 and 0.1% C18:3). Both supplements were mixed with 50 g molasses meal
(Molatek, Ltd., Malelane, South Africa) to increase their palatability. Chemical composition
of feeds and molasses meal are shown in Table 1.
Table 1. Nutritional and chemical composition of Alfalfa hay, Reprotech Mature (AGFRI-Animal
feeds®), and molasses meal (Molatek©).
Main Analysis Unit Alfalfa Reprotech Molasses
Hay Mature 1 Meal 2
Dry matter % as fed 30.8 88.3 -
Crude protein % DM 14.5 13 40
Crude fibre % DM 34 6.03 100
Crude fat g/kg - 5.91 -
NDF * % DM 48.2 - -
ADF ** % DM 46.1 - -
Lignin % DM 9.1 - -
Ether extract % DM 1.9 - -
Ash % DM 8.7 9.28 -
Urea g/kg - 10 -
Calcium (Ca) g/kg - 9 13
Phosphorus (P) g/kg - 3.5 -
Ca: P Ratio g/kg - 2-3:1 -
Moisture g/kg - 11.7 150
Gross energy MJ/kg DM 18.5 10.77 10.5
* NDF, Nitrogen detergent fiber; ** ADF, Acid detergent fiber. 1 AGFRI, Animal feed®, 2 Molatek, Ltd.,
South Africa.
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The study lasted fourteen weeks: 2 weeks pre-supplementation (Weeks −2 and −1);
a supplementation period of 10 weeks (Weeks 0–9) to cover a complete spermatogenic
cycle [29]; and two weeks post-supplementation (Weeks 10 and 11).
2.3. Sample Collection
From each bull, blood and semen samples were collected twice a week during the
following periods: Week −2 (pre-supplementation); Weeks 0, 4, and 6 (supplementation);
and Weeks 10 and 11 (post-supplementation). The samples collected during the pre-
supplementation period were analyzed to set the baseline levels for all the parameters
investigated; during the supplementation period (Week 0–9), samples were collected at the
beginning, during, and towards the end of the supplementation in order to cover different
phases of the spermatogenic cycle; samples collected at Weeks 10 and 11 were analyzed to
evaluate any possible carryover effect of the dietary treatment. Ejaculates were collected via
artificial vagina as described by Chenoweth [30]. Soon after, blood samples were collected
via coccygeal venipuncture into a 10 mL Vacutainer tube (BD Vacutainer®, Franklin Lakes,
NJ, USA) containing EDTA anticoagulant.
2.4. Sample Processing
Immediately after collection, blood was centrifuged (Avanti j-e Beckman coulter) at
3000 rpm for 15 min and the resulting plasma collected and stored into 1.5 mL micro-
centrifuge tubes (Eppendorf®, Hamburg, Germany, Safe-Lock microcentrifuge tubes) at
−20 ◦C for analyses. One milliliter of freshly collected semen was taken from each sample
and kept on ice for a minimum of 15 min for the extraction of seminal plasma, as described
by Macpherson et al. [10]. Briefly, the semen was centrifuged at 2000 rpm for 10 min at
20 ◦C; supernatant was collected and placed in a new tube and maintained on ice for 5 min,
whereas the pellet was discarded. Chilled supernatant samples were centrifuged again
at 2000 rpm for 30 min, and the new undiluted supernatant was filtered using 0.22-µM
nylon syringe filters (MillexGV, Durapore®, Merk Pty, Ltd., Modderfontein, South Africa)
to remove any remaining sperm cells. Filtered supernatant (the seminal plasma) was stored
into 1.5 mL microcentrifuge tubes at−80◦C. The remaining ejaculate was kept in water bath
at 35 ◦C for about 3–5 min until determination of volume (measured using graduated glass
conical tubes) semen concentration, pH, and volume of extender to be used (determined by
SDM 6, Minitube©, Verona, WI, USA). Sperm motility (mass and individual) was estimated
using a phase-contrast microscope (Nikon©, Centurion, South Africa).
Immediately after analyses, the semen was extended to a final concentration of 20 mil-
lion/mL. Triladyl® (Minitube©, Verona, WI, USA) was used as the base for the semen
extender as normal routine of the semen station. It was formulated the day before sampling
to have a pH of 6.8 and stored at 5 ◦C. The extender was composed of 250 mL Triladyl®,
250 mL pure egg yolk, 750 mL of distilled water, and supplemented with different CLA
isomers and concentrations as follow:
1. Control: No supplementation into the Triladyl® base extender
2. CLA c-9, t-11-50: Triladyl® base extender supplemented with 50 µM of CLA c-9, t-11
3. CLA c-9, t-11-100: Triladyl® base extender supplemented with 100 µM of CLA c-9,
t-11
4. CLA t-10, c-12-50: Triladyl® base extender supplemented with 50 µM of CLA t-10,
c-12
5. CLA t-10, c-12-100: Triladyl® base extender supplemented with 100 µM of CLA t-10,
c-12
6. CLA mix: Triladyl® base extender supplemented with a mixture of the two isomers
at 50 µM each
Thus, for each dietary treatment (CTL and CLA), the semen was frozen into 6 freezing
treatments according to the CLA isomer and its concentration added to the semen extender,
thus obtaining 12 “dietary × treatment” groups.
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The CLA isomers cis-9, trans-11 and trans-10, cis-12 (>90% pure; Nu-Chek Prep Inc.,
Elysian, MN, USA) were conjugated to FA-free BSA (Sigma-Aldrich Co.; St. Louis, MO,
USA) in a 4:1 ratio to prepare 4.5 mM BSA-CLA stocks using a method adapted from
Keating and collaborators [31]; further dilutions were made in the extender. To avoid any
confounding effect due to the addition of the FA-free BSA to the treatment groups, FA-free
BSA was added also to the control group. The concentrations of CLA used in the extender
were based on previous studies on addition of fatty acids in semen cryopreservation
media [27,32].
The amount of ejaculate needed to obtain a final concentration of 20 × 106 sperm mL−1
previously calculated was added to each group. Thus, for each dietary treatment (CTL and
CLA), each semen sample collected from every bull was frozen into 6 subgroups (with
different treatment). The extended semen was then gradually cooled to 4 ◦C for 3 h in a
cold room. Subsequently, the semen was loaded in previously labeled (according to bull
number, dietary treatment, and treatment in the extender) 0.25 mL Cassou straws® using
of a straw filling and sealing machine (IMV, MPP Uno, 13017/0000, Minitube©). Sealed
straws were kept horizontally on trays and transferred into an automatic programmable
biological cell freezer (ice cube 14 M, Minitube©) and frozen following the standard pro-
tocol. Briefly, the temperature decreased at a programmed rate of −3 ◦C/min from +4 to
−10 ◦C; −40 ◦C/min from −10 to −100 ◦C; and −20 ◦C/min from −100 to −140 ◦C. Then,
the straws were plunged into liquid nitrogen (−196 ◦C) and stored for later analysis.
2.5. Analyses
For each bull, after freezing, the samples collected twice weekly were pooled, to
eliminate the effect of daily variability, thus obtaining one pooled sample/bull/week for
each sample type (e.g., blood plasma and seminal plasma). Furthermore, to eliminate the
straw effect, two straws for each collection were used. All analyses were conducted by a
technician unaware of the treatment groups.
2.6. IGF-I Levels in Blood and Seminal Plasma
Blood and seminal plasma were analyzed for insulin-like growth factor-I (IGF-I) levels
using a Bovine IGF-I ELISA Kits (CUSABIO®, Ltd., Houston, TX, USA) following the
manufacturer guidelines.
2.7. Sperm Evaluation
Semen straws were thawed in water bath at 37 ◦C for 30 s; the straws were then dried
with a paper towel and the semen was subsequently transferred to a microcentrifuge tube,
previously heated, and kept incubated at 37 ◦C.
2.8. Sperm Motility
For the assessment of sperm motility, 3 replicas of 10 µL of thawed semen was loaded
into a pre-warmed (38 ◦C) chamber slide (20 mm; Leja®4D Products B.V, Nieuw-Vennep,
The Netherlands), with cover slip applied; sperm motility was assessed using a Computer-
Assisted Sperm motility analyzer (CASA; IVOS Version 12.3: Hamilton-Thorne Biosciences,
Beverly, MA, USA) set on the animal motility program preadjusted for the analysis of
bovine sperm, as reported by Peres Companholi et al. [33]. These settings allowed capturing
60 frames per second and storing 30 frames to obtain values, compiled across all fields
examined, for >500 sperm.
The parameters evaluated were total motility (MT; %), progressive motility (PROG; %),
average path velocity (VAP; µm/s), straight line velocity (VSL; µm/s), curvilinear velocity
(VCL; µm/s), lateral displacement amplitude (ALH; µm/s), beat cross frequency (BCF;
Hz), straightness (STR; %), and linearity (LIN; %).
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2.9. Sperm Morphology
For each bull, dietary treatment, and addition of CLA into the extender, post-thaw
semen underwent sperm morphology evaluation. Hence, 10 µL of thawed semen were
placed on a pre-warmed slide (38 ◦C) and mixed with the same amount of eosin/nigrosine
stain as described by Chenoweth [30]. For each sample, 3 replicas were analyzed. The per-
centage of total sperm with morphological defects was determined by counting a minimum
of 100 sperm per slide using a phase-contrast microscope (AX10 Zeiss©, Johannesburg,
South Africa) at a magnification of 100× (oil immersion).
The identified defects of each sperm were recorded, including those with double
defects. According to Barth and Oko [34], these defects were divided into those which
affect the head (teratoids, double, macrocephalic, microcephalic, rooled/crested head,
pyriform, tapered/narrow head, diadem/nuclear crater, narrow base, abnormal base, other
abnormal head shapes, and abnormal loose head) and those which affect acrosome or tail
(knobbed acrosome, stump tail, pseudo-droplets, mal-positioned mitochondria, cork screw,
dag, other mid-piece defects, coiled principle piece, proximal droplets, mid-piece reflex,
normally shaped loose heads, fractured flagellum, distal droplets, damaged acrosome, bent
mid-piece, and bent principle piece). The counts were calculated for the varied defects and
recorded on a data capture sheet for bull sperm morphology adopted from Nöthling and
Irons [35].
Percentage of morphologically normal spermatozoa were calculated following Nöth-
ling and Irons [35] as: 100 (number of sperm cells counted)− n (number of sperm cells with
one or more nuclear (head) defects + number of spermatozoa with one or more acrosome
or tail defects − spermatozoa with nuclear defects as well as acrosomal or tail defects).
2.10. Sperm Viability, Mitochondrial Membrane Potential and Oxidative Stress
Flow cytometric analyses were conducted on the post-thawed semen using flow
cytometry FC 500© Beckham Coulter (Brea, CA, USA) equipped with a 488 nm argon-
ion laser. Red fluorescence was detected via a FL3 band-pass filter (610 nm) and green
fluorescence was evaluated via fluorescence channel (FL1) band-pass filter (525 nm). In
total, 50,000 sperm cells were analyzed. The flow machine was gated, and a test run
was conducted to optimize the technique, minimize the background noise, and ensure
repeatability [36–38]. Thawed semen was prepared and added to Phosphate-buffered
saline (PBS) solution according to staining method suggested by the manufacturer of each
kit. The analyses were carried out in duplicate to enable repeatability, and the followings
were evaluated: sperm viability, mitochondrial membrane potential, and oxidative stress.
For the viability test, a mixture of propidium Iodide (PI) and SYBR-14 dyes
(LIVE/DEAD sperm viability kit L-7011, Molecular probes-Invitrogen) was used. The sam-
ples were prepared following the manufacturer instructions. Briefly, the master mix (480 µL
of hepes/Bovine Serum Albumin buffer, 2.5 µL of SYBR-14 (1:50 dilution), and 2.5 µL of
Propidium Iodide) was made. Fifteen microliters of pooled thawed semen maintained at
34 ◦C was added to 485 µL of master mix, which was constantly kept away from sunlight.
The mixture was then vortexed and incubated at 37 ◦C for 15 min. After the incubation
time, 500 µL of prepared semen were loaded into tubes (12 × 75 mM, Blue Test Tube, FC
500© Beckham coulter Life Science, Johannesburg, South Africa) and run into the flow cy-
tometer to assess the number of live and dead sperm cells. Membrane-permeant SYBR®-14
nucleic acid stain labels live sperm with green fluorescence, and membrane-impermeant
propidium iodide labels the nucleic acids of membrane-compromised sperm with red
fluorescence. Mitochondrial membrane potential was measured using the JC-1 mito-tracker
(Molecular probes-Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and 10%
Dimethyl sulfoxide (DMSO; Sigma Aldrich, Merk Pty, Ltd., Modderfontein, South Africa).
The dyes were brought to room temperature and 490 µL of master mix (prepared with
9 mL of Dulbecco’s Phosphate-buffered saline solution (DPBS) and 82 µL of dye to have a
concentration of 3 mM JC-1 in DMSO) were mixed with 10 µL of pooled thawed-semen
maintained at 34 ◦C and kept away from light. Thereafter, the mixture was vortexed and
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incubates for 15 min at 37 ◦C. It was then washed once with 500 µL of PBS, centrifuged at
2000 rpm for 5 min (Thermo Scientific-Heraeus Freso 21 microcentrifuge), and the super-
natant was removed. Furthermore, 500 µL of PBS were added and the samples were run on
flow cytometer to assess sperm membrane mitochondrial potential. The JC-1 dye exhibits
potential-dependent accumulation in mitochondria, indicated by a fluorescence emission
shift from green (~529 nm) to red (~590 nm). Consequently, mitochondrial depolarization is
indicated by a decrease in the red/green fluorescence intensity ratio. The potential-sensitive
color shift is due to concentration-dependent formation of red fluorescent J-aggregates.
Alteration of membrane potential indicates intact or disrupted mitochondria.
Oxidative stress was measured by means of measuring reactive oxygen species (ROS)
using the 2,7-diclorodihydrofluorescein diacetate (H2DCFDA) dye (Thermo Fisher Sci-
entific, Waltham, MA, USA) following the manufacturer instructions. The (H2DCFDA)
is a cell-permeable nonfluorescent probe which is de-esterified intracellularly and turns
to highly fluorescent 2′,7′-dichlorofluorescein upon oxidation. The dye was diluted and
mixed with DPBS to make a master mix (9 mL of DPBS and 170 µL of dye); 490 µL of
dye was added to 10 µL of pooled thawed-semen maintained at 34 ◦C and kept away
from sunlight. The mixture was vortexed and incubated for 30 min at 37 ◦C. Thereafter,
it was washed once with 500 µL of PBS and centrifuge at 2000 rpm for 5 min (Thermo
Scientific-Heraeus Freso 21 microcentrifuge). Supernatant was removed and 500 µL of PBS
were added, vortexed, and the samples run in flow cytometer to assess the level of ROS. To
simultaneously differentiate living from dead cells propidium iodide (PI, Molecular Probes
Inc., Thermo Fisher Scientific, Waltham, MA, USA; final concentration, 9.6 mM) was added
to H2 DCFDA-treated sperm.
2.11. Experimental Design and Statistical Analyses
The study lasted fourteen weeks with two weeks pre-supplementation (Weeks −2
and −1), 10 weeks of supplementation (Weeks 0–9), and 2 weeks post-supplementation
(Weeks 10 and 11). More details about the samples size are provided in the Appendix A.
Data were analyzed with SAS 9.3 software (SAS Institute Inc Cary, NC, USA, 2012).
Weekly mean of IGF-I in blood and seminal plasma, and the morphology results were
analyzed by analyses of variance (ANOVA) for repeated measures using a mixed model
(PROC MIX, SAS 9.3; SAS Institute, Cary, NC, USA) with a mathematical model where
treatment (trt: CTL and CLA), time (week), and the interactions between treatment and
time were fixed effects, whereas the bulls were the random effect.
CASA and flow cytometric results were analyzed by analyses of variance (ANOVA)
for repeated measures using a mixed model (PROC MIX, SAS 9.3, SAS Institute, Cary,
NC, USA) with nested variable effects in a mathematical model where treatment (dietary
treatments CTL and CLA), time (week), subgroup (CTL and different CLA isomers at
different concentration into Triladyl® extender), and their interactions were fixed effects,
while the bulls were the random effect. Data obtained from Week -2 were used as covariate;
significance was declared with p ≤ 0.05 and trend with 0.05 > p ≤ 0.10.
3. Results and Discussion
3.1. Effects of Dietary Treatments on Plasma and Seminal Plasma IGF-I Levels
A significant interaction trt × week was observed for the blood IGF-I concentration in
the CLA supplemented bulls (p ≤ 0.01; Figure 1a) with significant differences observed by
Week 6 (CLA 1.50± 0.04 ng/mL, CTL 1.33± 0.04 ng/mL) and disappearing after treatment
(Weeks 10 and 11). Although, to the best of our knowledge, no other studies evaluated the
effect of dietary CLA supplementation on circulating IGF-I levels in bulls, our results are in
line with what has been observed in dairy cows [23,24].
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Figure 1. Effect of CLA dietary supplementation on bovine IGF-I levels in plasma (a) and seminal plasma (b) for the control
(CTL) and CLA () group. Data are expressed as least square means (LSM) ± standard error (SE); ** significant levels trt
× week: p ≤ 0.05.
As expected, the concentration of IGF-I in seminal plasma followed the same pattern
as for the blood plasma (trt × week: p ≤ 0.01; Figure 1b).
The observed results support our hypothesis by which dietary supplementation of
CLA would have increased seminal plasma IGF-I by increasing its blood levels. Although
the mechanism of action of the CLA remains unclear, these results support the theory of
Csillik et al. [39] which claim that the effect of CLA supplementation is independent of
animal’s energy balance status. Furthermore, studies conducted on male growth hormone
(GH) deficient dwarf rats proved that treating the rats with exogenous GH resulted in
higher concentrations of IGF-I in blood plasma and seminal vesicle fluid compared with
non-dwarf control rats [40]. Thus, we could speculate that CLA may play a role in the GH–
GH receptor–IGF-I axis, increasing circulating levels of IGF-I. As speculated by Castañeda-
Gutiérrez et al. [23], the effects of CLA for increasing plasma IGF-I may be mediated by
subtle changes on hepatic sensitivity to insulin action that are specific to the trans-10, cis-12
CLA isomer. However, contributing to the statistical difference observed between groups
is also the drop in IGF-I observed in the control group. Due to the study being conducted
during summer, the drop, by Week 6, in IGF-I levels in the seminal plasma of the control
animals could be attributed to the negative effect which, according to some researchers,
heat stress has on circulating IGF-I levels [41,42] In fact, the average daily temperature
for December, January and February was, respectively, 39, 41, and 37 ◦C, with Week 6,
during which a drop in IGF-I levels has been recorded, falling in the hottest month. The
drop in temperature following Week 6 may explain the increased level of IGF-I in Weeks 10
and 11. However, IGF-I concentration decreased only in seminal plasma levels but not in
blood, supporting what has been affirmed by other researchers [41,43,44], based on which
circulating IGF-I levels do not change during heat stress. Thus, it could be speculated
that, although heat stress did not alter blood levels of IGF-I, it might have reduced the
response of IGF-I receptors present in the male reproductive tract [14,18] and that the CLA
diet mitigated this effect.
3.2. Effects of Dietary Treatments on Fresh Semen Characteristics
Volume of the ejaculate significantly decreased during the supplementation period
for the CLA group compared to the control (LSM ± SE: 6.83 ± 0.394 and 5.33 ± 0.394;
trt × week p ≤ 0.02; Figure 2a) with volumes for the CLA bulls still within the nor-
mal range (0.5–12 mL) [45]. Conversely, semen concentration increased over time with
a higher semen concentration in the CLA group compared to control group at Week 6
(1569.21 ± 156.28 × 106; CTL: 1532.57 ± 156.28 × 106; trt × week p ≤ 0.05; Figure 2b). For
both parameters, there was no carryover effect of the treatment after supplementation with
no differences observed between groups at Weeks 10 and 11 (post-supplementation). These
results are in line with the results of Karimi et al. [26], who also observed a significant
reduction in volume of the ejaculate in the CLA supplemented bulls compared to the
control group (9.6 ± 0.9 and 12.4 ± 0.9 mL, respectively) and an inverse trend for sperm
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concentration. A possible explanation for the increase in sperm concentration could be
given by the increased blood and seminal plasma levels of IGF-I. It is known, in fact, that
this hormone, together with IGF-II and insulin has several effects on Sertoli cells, increas-
ing proliferation, affecting steroidogenesis, and promoting spermatogonia differentiation
into primary spermatocytes [11,46]. However, the effect of dietary CLA supplementa-
tion on the volume of the ejaculates is still unclear and needs further investigation. In
contrast with what was observed by Tran et al. [47], but in line with what was observed
by Karimi et al. [26], no significant differences were observed between groups for mass
motility and individual motility (Figure 2c,d).
Figure 2. Effect of CLA dietary supplementation on fresh ejaculated bovine semen volume measured using graduated glass
conical tubes (a); concentration determined by SDM 6, Minitube© (b); and mass motility (c) and individual motility (d)
estimated using a phase-contrast microscope (Nikon©) (LSM ± SE) for the control (CTL) and CLA group. ** significant
levels trt × week: p ≤ 0.05.
3.3. Sperm Morphological Defects
Dietary CLA supplementation did not affect the percentage of normal spermatozoa
(CTL 82.75 ± 1.717; CLA 83.76 ± 1.717, p: 0.68) however, it recorded significant effects
in different morphological defects, classified for simplicity, according to the stages of
development in which they may occur (Tables S1–S5).
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At Week 4, we recorded lower percentage for teratoid defect (CLA 0.23% ± 0.10, CTL
0.64% ± 0.10; trt × week p: 0.01) and crested head (CLA 0.11% ± 0.15, CTL 0.63% ± 0.15
trt × week p: 0.002) and a higher percentage of macrocephalic head defect (CLA
0.69% ± 0.12 vs. CTL 0.28% ± 0.12; trt p ≤ 0.01) for the CLA group compared to the
control. The effects worn off by Week 10 (Table S1). During the early phase of meio-
sis, teratoid defects are characterized by severely underdeveloped spermatozoa, whereas
microcephalic heads (abnormally small heads) originate from incomplete meiosis [34].
These defects (teratoid defect and microcephalic heads) may sometimes be the result of
frequent semen collection in semen centers. Therefore, we hypothesized that CLA supple-
mentation somehow limited the negative effects of frequent semen collection. Although
pseudo-droplet and crested head defects are likely genetically inherited defects in Holstein
breeds [34], it would appear that CLA dietary supplementation may have contributed
to a reduction of the defects during supplementation. Narrow head defect was signifi-
cantly higher in the CLA animals compared to control at Week 4 (CLA 0.58% ± 0.146,
CTL 0.20% ± 0.146; trt × week p: 0.072) and become significantly lower by Week 11(CLA
0.25% ± 0.15, CTL 0.78% ± 0.15; p ≤ 0.01; Table S2).
A significant interaction trt×week was observed for bent midpiece and bent principle
piece defects, with the CLA bulls presenting spermatozoa with a higher percentage of bent
midpiece and bent principle piece defects at Week 4 (CLA 2.70% ± 0.34, CTL 1.56% ± 0.34;
p ≤ 0.02; and CLA 0.90% ± 0.14, CTL 0.22% ± 0.14; p ≤ 0.05, respectively; Table S4).
Although CLA dietary supplementation increased blood and seminal plasma levels of
IGF-I, our results are in contrast with those of Garner and Johnson [48], who reported that
dwarf rats treated with IGF-I presented spermatozoa with no mid-piece abnormalities (0%),
compared to their control (0.04% ± 0.05).
An interaction trt × week was observed also for the loose head defects. In fact,
although loose head defect was higher in CLA bulls compared to the control from the
beginning of the study (CLA 1.29% ± 0.20, CTL 0.71% ± 0.20; p ≤ 0.04; two weeks prior to
the supplementation), by the end of the supplementation period (Week 11), it was reduced
by half (CLA 0.43% ± 0.10, CTL 0.14% ± 0.10; p ≤ 0.05). The CLA supplementation might
have affected this parameter through increasing seminal plasma IGF-I levels. In fact, dwarf
rats treated with IGF-I recorded lower percentage of loose head defects compared to their
control [49]. Furthermore, the distal droplet defect recorded low percentage for CLA bulls
(CLA 0.11% ± 0.15, CTL 0.79% ± 0.15; trt × week p ≤ 0.05) at Week 4. This could have
resulted from the CLA increasing the levels of hemolytic factor produced by the vesicular
glands [34].
For two or more morphological defects on a single spermatozoon (Table S5), double
nuclear defect recorded significant low percentage at Week 4 in CLA bulls compared to the
control (CLA 0.00% ± 0.03, CTL 0.12% ± 0.03; trt × week p ≤ 0.01).
None of the morphological parameters was affected by either the addition of CLA
into the extender or their interaction with the dietary treatments.
Although CLA dietary supplementation did not increase the overall percentage of
normal spermatozoa after freezing–thawing, as also observed by Karimi er al. [26], it did
reduce the incidence of some defects, possibly through the effect that IGF-I has on cell
morphology [49]. In fact, research has demonstrated that IGF-I treatment improves sperm
cell morphology. Although Karimi et al. [26] did not report a detailed description of the
sperm defects observed in their study, they did report that higher sperm abnormalities in
the CLA group compared to the control one was recorded when analyzing fresh semen.
The authors attributed these differences to possible increase of CLA in plasma membrane
of spermatozoa that may have led to unfavorable changes in spermatozoa; however, they
did not explain how these differences disappear after freezing–thawing [26]. Unfortunately,
due to logistic impediments (with the semen station being 5 h drive from the laboratories),
we were unable to perform morphological evaluation on the fresh samples to corroborate
the observations made by Karimi et al.
Animals 2021, 11, 483 11 of 18
Macpherson et al. [10] observed that stallions with higher concentration of plasma
IGF-I levels recorded higher quantity of total IGFBP-2 in seminal plasma and higher
percentage of morphologically normal sperm compared with those with lower plasma
IGF-I levels (p = 0.05). Vickers and collaborators recorded a significant increase in both
the morphologically normal spermatozoa and the number of motile spermatozoa in rats
treated with IGF-I, with an improvement particularly for the head defects [49]. The
authors speculated that these observations might have been a result of a direct effect
of IGF-I on testicular function to improve the quality of spermatozoa. Although in our
study we observed a reduction in percentage of some head defects, we did not observe
any significant difference between the two groups in the total morphologically normal
spermatozoa. Therefore, even though we observed an increase in IGF-I levels in blood and
seminal plasma for the CLA bulls compared to the control, the results regarding sperm
cell morphology do not allow us to draw conclusions on the possible effect of CLA dietary
supplementation on sperm morphology or on its possible action via IGF-I.
3.4. Kinematic Parameters
Dietary supplementation of conjugated linoleic acid (CLA) had an effect over time
on some kinematic parameters. In fact, by Week 6, the CLA group recorded a significant
increase in VAP VSL, ALH, and VCL (trt × week, p ≤ 0.03; Figure 3a–d), a significant
decrease in BCF (trt × week, p ≤ 0.05), and a trend for decreased STR (trt × week, p ≤ 0.09;
Figure 3e,f) compared to the control group. No carryover effect of the supplementation
was observed at Week 10 or 11. No differences between groups were observed for other
CASA parameters (motile, rapid, total, and progressive motility). Even though CLA dietary
supplementation significantly affected kinematic parameters, none of the parameters were
affected by the addition of any of the CLA isomers to the Triladyl® extender.
Figure 3. Effect of CLA dietary supplementation on post-thaw bovine semen CASA-derived kinematic parameters of: VAP
(a); VSL (b); ALH (c); VCL (d); BCF (e); and STR (f). (LSM ± SE) for the control (CTL ), and CLA () group; ** significant
levels trt × week as p ≤ 0.05; * trend trt × week at p ≤ 0.1.
The kinematics parameters VAP, VCL, VSL, ALH, BCF, and STR are reported to be
good fertility indicators and, therefore, they are commonly evaluated [50,51]. In bovines
specifically, VCL, VSL, ALH, VAP, and progressive motility are reported to be highly corre-
lated to fertility [52]. Our results are in contrast with those of Karimi and collaborators [26]
on kinematics parameters of frozen–thawed semen. In fact, although they observed some
effects on fresh semen, they could not detect significant differences between control and
CLA groups in frozen–thawed semen, except for the lower total motility and BCF values at
Week 8 in the control group and the decreased total motility, VCL, and ALH at Week 6 in
the CLA group [26].
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However, findings similar to what was observed in this study were reported in
goats [53], rams [54], and boars [55] when polyunsaturated fatty acids (PUFA) were used
as supplement; however, contrasting results were reported from studies conducted in
Nalli-Ravi buffalo bulls [56] and Holstein bulls [57], where no correlation between dietary
PUFA supplementation and sperm quality were observed. According to the studies of
Breier and collaborators and Vickers et al. [40,49], the effects of seminal plasma IGF-I on
sperm motility were mediated via secretion of IGF-I in the seminal vesicles and binding to
the IGF-I receptor on developing sperm cells as the cells were mixed with vesicular fluid.
Therefore, we could speculate that the CLA affects sperm motility via IGF-I receptors
3.5. Flow Cytometry Analyses
Figure 4 shows the flow cytometric forward scatter gated analysis for viability
(Figure 4a), mitochondrial membrane potential (Figure 4b), and oxidative stress (Figure 4c).
Figure 4. Flow cytometric forward scatter gated analysis on one sample of post-thaw bovine sperm quality for viability
(a); mitochondrial membrane potential (b); and ROS (c) (LSM ± SE) levels. (a) SYBR-14 and PI viability stain. Red dots
represent dead sperm, green dots represent viable or live sperm, out-gated red/green dots represent recently moribund or
membrane damaged sperm, and unstained dots represent debris with low fluorescence. (b) JC-1 mitochondrial membrane
potential: Populations of sperm with high mitochondrial membrane potential (intact) with fluorescence shift from green to
red, and low mitochondrial membrane potential (disrupted) with fluorescence intensity shift from red to green. (c) ROS
levels using 2, 7-diclorodihydrofluorescein diacetate (H2DCFDA) dye, which de-esterified and fluoresced upon oxidation.
Mitochondrial membrane potential significantly decreased in the CLA group com-
pared to control (CLA: 64.44% ± 3.45; CTL: 54.60% ± 3.45; trt × week, p ≤ 0.05) at Week 10
(Figure 5a). A trend for increased percentage of dead spermatozoa (p ≤ 0.10) was also
observed for CLA group compared to the control (CLA: 36.48%± 2.86; CTL: 32.78% ± 2.86)
at Week 11 (Figure 5b).
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Figure 5. Effect of CLA supplementation on post-thawed bovine semen flow cytometer analysis of
mitochondrial membrane potential (a) and live–dead sperm (b) for control (CTL) and CLA group
(LSM ± SE). ** Significant levels p ≤ 0.05, and * a trend p ≤ 0.1.
The decrease in mitochondrial membrane potential is an indication of initiation of
cell apoptosis [57]. This could explain the trend for increased percentage of dead sperm
at Week 11 for the CLA group. Although none of the other parameters affected by the
treatment had any carryover effect after supplementation, we are unable to determine if
the CLA supplementation had any effect on the mitochondrial membrane during the initial
phase of spermatogenesis or if these findings are coincidental.
A numerical decrease in percentage of ROS was observed for CLA group compared to
control (p ≤ 0.1) from the beginning of supplementation until the end of supplementation
(Figure 6). The lack of significance could possibly be explained by the high variability
between samples justified by the high standard error. Although ROS are known for their
damaging effects on spermatozoa, low levels and controlled concentration are essential for
participation in signal transduction of sperm capacitation and acrosome reaction [11]. The
decrease in ROS could be probably due to increase in protective action of GSH, as result of
the CLA supplementation, as supported by other studies [58,59]. Neither an effect of CLA
isomers addition to the Triladyl® extender nor an interaction dietary treatment by semen
extender treatments was observed for mitochondrial membrane potential and ROS.
Animals 2021, 11, 483 14 of 18
Figure 6. Effect of CLA dietary supplementation on post-thawed bovine semen flow cytometer analysis of percentage of
reactive oxygen species ROS (LSM ± SE), for control (CTL) and CLA group.
An effect of CLA isomers addition to the Triladyl® extender was, however, noted on
sperm viability with the addition of the c9, t11 isomer at 100 µM and of the CLA mixture
resulting in a significantly higher percentage of live sperm compared to the control and
the other treatments (LIVE: 39.10 ± 1.74% and 39.19 ± 1.74% for the c9, t11 at 100 µM and
the CLA mix vs. LIVE: 36.20 ± 1.74%, 37.62 ± 1.74%, 34.45 ± 1.74%, and 37.40 ± 1.74%
for the CTL, c9, t11 at 50 µM, t10, c12 at 50 µM, and t10 c12 at 100 µM; p = 0.006; Figure 7).
However, no differences between the two groups (c9, t11 at 100 µM and the addition of
the CLA mix) were observed. Furthermore, the interaction of dietary treatment by semen
extender treatments had no significant effect.
Figure 7. Influence of CLA supplementation and addition at different concentrations to Triladyl® on post-thawed dairy bull
semen for flow cytometer analysis of the percentage of live and dead sperm (LSM ± SE) for Control (CTL), CLA group.
** significant at 100 µM CLA c9, t11 and CLA Mix as p ≤ 0.05.
This study, to the best of our knowledge, is the first demonstrating that 100 µM of the
isomer c9, t11 and that the mixed isomers at 50 µM each improve the storage of spermatozoa
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irrespective of dietary supplementation with CLA. In fact, previous studies did not observe
any difference between groups, on either post-thawed semen subjective analysis or the
CASA indices [27,28]. However, none of the abovementioned studies investigated sperm
viability to either corroborate or dismiss our findings.
Although our study showed a beneficial effect of CLA c9, t11 addition to the Triladyl®
extender at 100 µM and not at lower concentration (50 µM), we did not include CLA at a
higher level than 100 µM to be able to determine the optimal level of inclusion.
4. Conclusions
Conjugated linoleic acids dietary supplementation could be an important strategy
to enhance bovine reproductive performances as CLA positively affects sperm qualita-
tive characteristics.
However, studies in males are very limited and most of them have been predominantly
done with other PUFAs with only one study, to the best of our knowledge, on CLA
supplementation on bovine semen.
The first part of the study proved the beneficial effects that CLA has on sperm motility
and some morphological features, possibly by altering seminal plasma IGF-I levels and
mitigating the negative effects that heat stress has on IGF-I. On the other end, the contro-
versial results on flow cytometric analyses warrant further investigation. The study also
highlighted that the effect of dietary supplementation was observed by Week 6 and did not
have any carryover effect after supplementation. This suggests that CLA supplementation
might play a role in the second half of the spermatogenic cycle.
The second part of this study aimed to reveal the effect of the addition of the CLA
individual isomers, c9, t11 and t10, c12, into Triladyl® extender on post-thaw bovine semen
quality and their possible interaction with the CLA dietary supplementation. The addition
of the isomer c9, t11 at 100 µM and the CLA mix isomers at 50 µM each recorded significant
increased percentage of live sperms cells compared to the other groups. However, none of
the other parameters observed showed any difference among groups and no interaction
between the dietary treatment and the CLA addition into the semen extender was observed.
Therefore, in accordance with previous studies, CLA addition to semen extender resulted
in minor beneficial effects on semen quality; however, we were able to highlight which
isomers, and at which concentration, are responsible for increase sperm viability.
In conclusion, the study highlighted the potential of CLA dietary supplementation in
improving semen quality; however, to better understand the stage of the cycle in which CLA
have effect, its mechanism of action, and the potential of CLA in mitigating the negative
effects of heat stress, with the aim of identifying definite measures towards improving the
semen quality, further studies conducted in hot and cold seasons, increasing the length
of the supplementation period to two or more spermatogenic cycles, and increasing the
sampling time point, to precisely identify at which stage of spermatogenesis CLA play a
role, are recommended. Moreover, further investigation at the molecular level to evaluate
the effect of CLA on sperm capacitation status, DNA integrity, and fertilization ability and
investigating their effect on metabolites (e.g., Ca++) that play a role in semen quality are
needed to draw conclusion on its effect.
Supplementary Materials: The following are available online at https://www.mdpi.com/2076-2
615/11/2/483/s1, Table S1: Effect of CLA dietary supplementation on post-thawed bovine semen
morphological analysis at meiosis phase by treatment group and sampling week; Table S2: Effect of
CLA dietary supplementation on post-thawed bovine semen morphological analysis which affects
nuclear (head) (LSM± SE) at spermiogenesis phase by treatment group and sampling week; Table S3:
Effect of CLA dietary supplementation on post-thawed bovine semen morphological analysis defects
which affects the acrosome or tail (LSM ± SE) at spermiogenesis phase by treatment group and
sampling week; Table S4: Effect of CLA dietary supplementation on bovine post-thawed semen on
morphological analysis at maturation phase by treatment group and sampling week (LSM ± SE);
Table S5: Effect of CLA dietary supplementation on post-thawed bovine semen morphological
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analysis for sperm cells with more than one defects in the same sperm cell (LSM ± SE) by treatment
group and sampling week.
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Appendix A
Sample size:
To the best of our knowledge, this is the second study on dietary CLA supplementation
in dairy bulls on sperm quality. The first study was published in 2016 by Karimi and
collaborators [26] in the Reproduction of Domestic Animals Journal.
The number of animals needed was calculated by power analysis using the formula
by Kaps and Lamberson [60]. According to the power analysis, 13 bulls were necessary
and 14 were used.
References
1. Kastelic, J.P. Male involvement in fertility and factors affecting semen quality in bulls. Anim. Front. 2013, 3, 20–25. [CrossRef]
2. Mukhopadhyay, C.S.; Gupta, A.K.; Yadav, B.R.; Khate, K.; Raina, V.S.; Mohanty, T.K.; Dubey, P.P. Subfertility in males: An
important cause of bull disposal in bovines. Australas. J. Anim. Sci. 2010, 23, 450–455. [CrossRef]
3. Gouletsou, P.G.; Fthenakis, G.C. Clinical evaluation of reproductive ability of rams. Small Rumin. Res. 2010, 92, 45–51. [CrossRef]
4. D’Amours, O.; Frenette, G.; Fortier, M.; Leclerc, P.; Sullivan, R. Proteomic comparison of detergent-extracted sperm proteins from
bulls with different fertility indexes. Reproduction 2010, 139, 545–556. [CrossRef]
5. López-Pérez, A.; Pérez-Clariget, R. Ram seminal plasma improves pregnancy rates in ewes cervically inseminated with ram
semen stored at 5 ◦C for 24 hours. Theriogenology 2012, 77, 395–399. [CrossRef]
6. Bernardini, A.; Hozbor, F.; Sanchez, E.; Fornés, M.W.; Alberio, R.H.; Cesari, A. Conserved ram seminal plasma proteins bind to
the sperm membrane and repair cryopreservation damage. Theriogenology 2011, 76, 436–447. [CrossRef]
7. Sauerweina, H.; Breier, B.H.; Gallaher, B.W.; Götz, C.; Küfner, G.; Montag, T.; Vickers, M.; Schallenberger, E. Growth hormone treat-
ment of breeding bulls used for artificial insemination improves fertilization rates. Domest. Anim. Endocrinol. 2000, 18, 145–158.
[CrossRef]
8. Martin, G.B.; Blache, D.; Miller, D.W.; Vercoe, P.E. Interactions between nutrition and reproduction in the management of the
mature male ruminant. Animal 2010, 4, 1214–1226. [CrossRef] [PubMed]
9. Diskin, M.G.; Mackey, D.R.; Roche, J.F.; Sreenan, J.M. Effects of nutrition and metabolic status on circulating hormones and
ovarian follicle development in cattle. Anim. Reprod. Sci. 2003, 78, 345–370. [CrossRef]
Animals 2021, 11, 483 17 of 18
10. Macpherson, M.L.; Simmen, R.C.M.; Simmen, F.A.; Hernandez, J.; Sheerin, B.R.; Varner, D.D.; Loomis, P.; Cadario, M.E.;
Miller, C.D.; Brinsko, S.P.; et al. Insulin-Like Growth Factor-I and Insulin-Like Growth Factor Binding Protein-2 and -5 in Equine
Seminal Plasma: Association with Sperm Characteristics and Fertility. Biol. Reprod. 2002, 67, 648–654. [CrossRef]
11. Gupta, G.S. Proteomics of Spermatogenesis; Springer: Berlin, Germany, 2005.
12. Griffin, J.E.; Ojeda, S.R. Textbook of Endocrine Physiology; Oxford University Press: Oxford, UK, 1992; ISBN 0195075609.
13. Zhou, J.; Bondy, C. Anatomy of the insulin-like growth factor system in the human testis. Fertil. Steril. 1993, 60, 897–904.
[CrossRef]
14. Henricks, D.M.; Kouba, A.J.; Lackey, B.R.; Boone, W.R.; Gray, S.L. Identification of insulin-like growth factor I in bovine seminal
plasma and its receptor on spermatozoa: Influence on sperm motility. Biol. Reprod. 1998, 59, 330–337. [CrossRef] [PubMed]
15. Baker, J.; Hardy, M.P.; Zhou, J.; Bondy, C.; Lupu, F.; Bellvé, A.R.; Efstratiadis, A. Effects of an Igf1 gene null mutation on mouse
reproduction. Mol. Endocrinol. 1996, 10, 903–918. [CrossRef] [PubMed]
16. Selvaraju, S.; Reddy, I.J.; Nandi, S.; Rao, S.B.N.; Ravindra, J.P. Influence of IGF-I on buffalo (Bubalus bubalis) spermatozoa motility,
membrane integrity, lipid peroxidation and fructose uptake in vitro. Anim. Reprod. Sci. 2009, 113, 60–70. [CrossRef]
17. Selvaraju, S.; Nandi, S.; Subramani, T.S.; Raghavendra, B.S.; Rao, S.B.N.; Ravindra, J.P. Improvement in buffalo (Bubalus bubalis)
spermatozoa functional parameters and fertility in vitro: Effect of insulin-like growth factor-I. Theriogenology 2010, 73, 1–10.
[CrossRef]
18. Naz, R.K.; Padman, P. Identification of insulin-like growth factor (IGF)-1 receptor in human sperm cell. Arch. Androl.
1999, 43, 153–159. [CrossRef] [PubMed]
19. Martin, G.B.; Walkden-Brown, S.W. Nutritional influences on reproduction in mature male sheep and goats. J. Reprod. Fertil. Suppl.
1995, 49, 437–449. [CrossRef]
20. Webb, R.; Campbell, B.K.; Garverick, H.A.; Gong, J.G.; Gutierrez, C.G.; Armstrong, D.G. Molecular mechanisms regulating
follicular re-cruitment and selection. J. Reprod. Fertil. Suppl. 1999, 54, 33–48.
21. Fourie, P.J.; Schwalbach, L.M.; Neser, F.W.C.; der Wersthuizen, C.V. Scrotal, testicular and semen characteristics of young Dorper
rams managed under intensive and extensive conditions. Small Rumin. Res. 2004, 54, 53–59. [CrossRef]
22. Selvaraju, S.; Sivasubramani, T.; Raghavendra, B.S.; Raju, P.; Rao, S.B.N.; Dineshkumar, D.; Ravindra, J.P. Effect of dietary energy
on seminal plasma insulin-like growth factor-I (IGF-I), serum IGF-I and testosterone levels, semen quality and fertility in adult
rams. Theriogenology 2012, 78, 646–655. [CrossRef] [PubMed]
23. Castañeda-Gutiérrez, E.; Benefield, B.C.; de Veth, M.J.; Santos, N.R.; Gilbert, R.O.; Butler, W.R.; Bauman, D.E. Evaluation of
the mechanism of action of conjugated linoleic acid isomers on reproduction in dairy cows. J. Dairy Sci. 2007, 90, 4253–4264.
[CrossRef]
24. Esposito, G.; Absalón Medina, V.A.; Schneider, A.; Gilbert, R.O.; Butler, W.R. Effect of dietary conjugated linoleic acid (CLA) on
the metabolism and reproduction of dairy cows. S. Afr. J. Anim. Sci. 2013, 43. [CrossRef]
25. Mehrdad, M.; Akram, M.; Khodaei, H. The Effect of Conjugated Linoleic Acid (CLA) on Male Reproductive Hormones in Mice.
Adv. J. Food Sci. Technol. 2013, 5, 1618–1620.
26. Karimi, R.; Towhidi, A.; Zeinoaldini, S.; Rezayazdi, K.; Mousavi, M.; Safari, H.; Martinez-Pastor, F. Effects of supplemental
conjugated linoleic acids (CLA) on fresh and post-thaw sperm quality of Holstein bulls. Reprod. Domest. Anim. 2017, 52, 459–467.
[CrossRef]
27. Soares, M.P.; Brandelli, A.; Celeghini, E.C.C.; de Arruda, R.P.; Rodriguez, S.A.F. Effect of cis-9,trans-11 and trans-10,cis-12 isomers
of conjugated linoleic acid on the integrity and functionality of cryopreserved bovine spermatozoa. Cryobiology 2013, 67, 102–105.
[CrossRef]
28. Teixeira, S.M.P.; Chaveiro, A.E.N.; da Silva, J.F.M. Effect of trans-10, cis-12 isomer of conjugated linoleic acid on boar semen
quality after cryopreservation. Anim. Reprod. 2017, 14, 400–405. [CrossRef]
29. Staub, C.; Johnson, L. Review: Spermatogenesis in the bull. Animal 2018, 12, s27–s35. [CrossRef] [PubMed]
30. Chenoweth, P. Bull Health and Breeding Soundness. In Bovine Medicine; John Wiley & Sons, Ltd.: Chichester, UK, 2015;
pp. 246–261.
31. Keating, A.F.; Kennelly, J.J.; Zhao, F.Q. Characterization and regulation of the bovine stearoyl-CoA desaturase gene promoter.
Biochem. Biophys. Res. Commun. 2006, 344, 233–240. [CrossRef]
32. Pérez-Pé, R.; Cebrián-Pérez, J.A.; Muiño-Blanco, T. Semen plasma proteins prevent cold-shock membrane damage to ram
spermatozoa. Theriogenology 2001, 56, 425–434. [CrossRef]
33. Companholi, S.P.; Monteiro, F.M.; Ribeiro Dias, E.A.; Zerlotti Mercadante, M.E.; Paro de Paz, C.C.; Dell’Aqua Junior, J.A.;
Papa, F.O.; de Paula Freitas Dell’Aqua, C.; Vantini, R.; Garcia, J.M. Effect of seminal plasma removal before cryopreservation of
bovine semen obtained by electroejaculation on semen quality and in vitro fertility. Theriogenology 2017, 89, 114–121. [CrossRef]
[PubMed]
34. Barth, A.; Oko, R.J. Abnormal Morphology of Bovine Spermatozoa; Iowa State University Press: Ames, IA, USA, 1992; Volume 69,
ISBN 0813801125.
35. Nöthling, J.O.; Irons, P.C. A simple multidimensional system for the recording and interpretation of sperm morphology in bulls.
Theriogenology 2008, 69, 603–611. [CrossRef] [PubMed]
Animals 2021, 11, 483 18 of 18
36. Martinez-Pastor, F.; Johannisson, A.; Gil, J.; Kaabi, M.; Anel, L.; Paz, P.; Rodriguez-Martinez, H. Use of chromatin stability
assay, mitochondrial stain JC-1, and fluorometric assessment of plasma membrane to evaluate frozen-thawed ram semen.
Anim. Reprod. Sci. 2004, 84, 121–133. [CrossRef]
37. Gillan, L.; Evans, G.; Maxwell, W.M.C. Flow cytometric evaluation of sperm parameters in relation to fertility potential.
Theriogenology 2005, 63, 445–457. [CrossRef]
38. Hossain, M.S.; Johannisson, A.; Wallgren, M.; Nagy, S.; Siqueira, A.P.; Rodriguez-Martinez, H. Flow cytometry for the assessment
of animal sperm integrity and functionality: State of the art. Asian J. Androl. 2011, 13, 406–419. [CrossRef] [PubMed]
39. Csillik, Z.; Faigl, V.; Keresztes, M.; Galamb, E.; Hammon, H.M.; Tröscher, A.; Fébel, H.; Kulcsár, M.; Husvéth, F.; Huszenicza,
G.; et al. Effect of pre- and postpartum supplementation with lipid-encapsulated conjugated linoleic acid on reproductive
performance and the growth hormone–insulin-like growth factor-I axis in multiparous high-producing dairy cows. J. Dairy Sci.
2017, 100, 5888–5898. [CrossRef] [PubMed]
40. Breier, B.H.; Vickers, M.H.; Gravance, C.G.; Casey, P.J. Growth hormone (GH) therapy markedly increases the motility of
spermatozoa and the concentration of insulin-like growth factor-I in seminal vesicle fluid in the male GH-deficient dwarf rat.
Endocrinology 1996, 137, 4061–4064. [CrossRef]
41. Rhoads, M.L.; Kim, J.W.; Collier, R.J.; Crooker, B.A.; Boisclair, Y.R.; Baumgard, L.H.; Rhoads, R.P. Effects of heat stress and
nutrition on lactating Holstein cows: II. Aspects of hepatic growth hormone responsiveness. J. Dairy Sci. 2010, 93, 170–179.
[CrossRef]
42. Wheelock, J.B.; Rhoads, R.P.; VanBaale, M.J.; Sanders, S.R.; Baumgard, L.H. Effects of heat stress on energetic metabolism in
lactating Holstein cows. J. Dairy Sci. 2010, 93, 644–655. [CrossRef]
43. Chaiyabutr, N.; Chanpongsang, S.; Suadsong, S. Effects of evaporative cooling on the regulation of body water and milk
production in crossbred Holstein cattle in a tropical environment. Int. J. Biometeorol. 2008, 52, 575–585. [CrossRef]
44. Titto, C.G.; Negrão, J.A.; Canaes, T.d.S.; Titto, R.M.; da Cunha Leme-dos Santos, T.M.; Henrique, F.L.; Calviello, R.F.;
Pereira, A.M.F.; Titto, E.A.L. Heat stress and ACTH administration on cortisol and insulin-like growth factor I (IGF-I) levels in
lactating Holstein cows. J. Appl. Anim. Res. 2017, 45, 1–7. [CrossRef]
45. Senger, P. Pathways to Pregnancy and Parturation, 3rd ed.; Current Conceptions: Pullman, WA, USA, 2012.
46. Dimitriadis, F.; Tsiampali, C.; Chaliasos, N.; Tsounapi, P.; Takenaka, A.; Sofikitis, N. The sertoli cell as the orchestra conductor of
spermatogenesis: Spermatogenic cells dance to the tune of testosterone. Hormones 2015, 14, 479–503. [CrossRef] [PubMed]
47. Tran, L.V.; Malla, B.A.; Sharma, A.N.; Kumar, S.; Tyagi, N.; Tyagi, A.K. Effect of omega-3 and omega-6 polyunsaturated fatty acid
enriched diet on plasma IGF-1 and testosterone concentration, puberty and semen quality in male buffalo. Anim. Reprod. Sci.
2016, 173, 63–72. [CrossRef]
48. Garner, D.L.; Johnson, L.A. Viability assessment of mammalian sperm using SYBR-14 and propidium iodide. Biol. Reprod.
1995, 53, 276–284. [CrossRef] [PubMed]
49. Vickers, M.H.; Casey, P.J.; Champion, Z.J.; Gravance, C.G.; Breier, B.H. IGF-I treatment increases motility and improves
morphology of immature spermatozoa in the GH-deficient dwarf (dw/dw) rat. Growth Horm. Igf Res. 1999, 9, 236–240. [CrossRef]
[PubMed]
50. Cancel, A.; Lobdel, D.; Mendola, P.; Perreault, S. Objective evaluation of hyperactivated motility in rat spermatozoa using
computer-assisted sperm analysis. Hum. Reprod. 2000, 15, 1322–1328. [CrossRef]
51. Antończyk, A.; Niżański, W.; Twardoń, J.; Kozdrowski, R.; Ochota, M.; Błasiak, K.; Mikołajewska, N.; Stañczyk, E. Current views
on computer assisted sperm analysis. Med. Weter. 2010, 66, 663–667.
52. Kathiravan, P.; Kalatharan, J.; Karthikeya, G.; Rengarajan, K.; Kadirvel, G. Objective Sperm Motion Analysis to Assess Dairy Bull
Fertility Using Computer-Aided System—A Review. Reprod. Domest. Anim. 2011, 46, 165–172. [CrossRef]
53. Dolatpanah, M.B.; Towhidi, A.; Farshad, A.; Rashidi, A.; Rezayazdi, A. Effects of dietary fish oil on semen quality of goats.
Asian-Australas. J. Anim. Sci. 2008, 21, 29–34. [CrossRef]
54. Esmaeili, V.; Shahverdi, A.H.; Alizadeh, A.R.; Alipour, H.; Chehrazi, M. Saturated, omega-6 and omega-3 dietary fatty acid effects
on the characteristics of fresh, frozen-thawed semen and blood parameters in rams. Andrologia 2014, 46, 42–49. [CrossRef]
55. Estienne, M.J.; Harper, A.F.; Crawford, R.J. Dietary supplementation with a source of omega-3 fatty acids increases sperm number
and the duration of ejaculation in boars. Theriogenology 2008, 70, 70–76. [CrossRef]
56. Adeel, M.; Ijaz, A.; Aleem, M.; Rehman, H.; Yousaf, M.S.; Jabbar, M.A. Improvement of liquid and frozen-thawed semen quality of
Nili-Ravi buffalo bulls (Bubalus bubalis) through supplementation of fat. Theriogenology 2009, 71, 1220–1225. [CrossRef] [PubMed]
57. Kulkarni, G.V.; Lee, W.; Seth, A.; McCulloch, C.A. Role of mitochondrial membrane potential in concanavalin A-induced apoptosis
in human fibroblasts. Exp. Cells Res. 1998, 245, 170–178. [CrossRef]
58. Gholami, H.; Chamani, M.; Towhidi, A.; Fazeli, M.H. Effect of feeding a docosahexaenoic acid-enriched nutriceutical on the
quality of fresh and frozen-thawed semen in Holstein bulls. Theriogenology 2010, 74, 1548–1558. [CrossRef] [PubMed]
59. Meister, A. On the discovery of glutathione. Trends Biochem. Sci. 1988, 13, 185–188. [CrossRef]
60. Kaps, M.; Lamberson, W.R. Hipothesis testing. In Biostatistics for Animal Science; Kaps, M., Lamberson, W.R., Eds.; CABI
Publishing: Cambridge, MA, USA, 2004; pp. 92–107.
